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SUMMARY

An investigation has been made at Mach numbers of 1.61 and 2. O1 to

determine the aero_ynamic characteristics of three wings having a sweep-

back of 50 ° at the quarter-chord line, a taper ratio of 0.20, an

NACA 65A005 thickness distribution, and an aspect ratio of 3.5. One

wing was flat, one had at each spanwise station an a = 0 mean line modi-

fied to have a maximum height of 4-percent chord, and one had a linear

variation of twist with 6° of washout at the tip. Tests were made with

natural and fixed transition at Reynolds numbers ranging from 1.2 X lO 6

to 3.6 x lO 6 through an angle-of-attack range of -20 ° to 20 °.

When compared wlth the flat wing, the effect of the linear varia-

tion of twist with 6 ° of washout at the tip was to increase the lift-

drag ratio when the leading edge was subsonic; but little increase in

lift-drag ratio was obtained when the leading edge was supersonic.

Pitching moment was increased and gave a positive trlmpoint without

greatly affecting the rate of change of pitching moment with lift

coefficient.

For the cambered wing the high minimum drag resulted in compara-

tively low lift-drag ratios. In addition, the pitching moments were

decreased so that a negative trim point was obtained.

INTRODUCTION

The usefulness of camber and twist in the design of efficient

wings for supersonic aircraft has been given considerable study over

the past several years. Of current interest is the prediction of the

changes in aerodynamic characteristics of wings when they distort

under variable flight loads. In order to obtain some insight into

these problems of distortion, a general investigation of the effects



of arbitrary camberand twist built into nearly rigid models is being
madeat low supersonic speeds by meansof pressure-dlstribution and
force tests. The tabulated results of a pressure investigation of the
separate effects of camberand twist on the serodynamlc characteristics
of a sweptback wing at Machnumbers of 1.61 end 2.01 are presented in
reference l, and a limited analysis of somecf these results is presented
in reference 2. The results of a force stud_ of the samewings are
presented herein.

The force tests were madeon a basic semispanwing planform having
a sweepbackof _0° at the quarter-chord line_ a taper ratio of 0.20, an
NACA65A005 thickness distribution, and an as_.ect ratio of 3.5. Three
wings were tested: a flat wing, a wing haviILg at each spanwise station
an a = 0 meanline modified to have a maximunheight of 4-percent chord,
and a wing having a linear variation of twist with 6° of washout at the
tip. Tests were madeat Machnumbersof 1.6:. and 2.01 over an angle-of-
attack range from -20° to 20°. Tests were made with natural and fixed

transition at Reynolds numbers, based on the wing mean aerod_rnamic chord,

ranging from 1.2 × lO 6 to 3.6 × lO 6 . Only a limited analysis and com-

parison with theory is presented.

SYMBOLS

b

C

%

cL

Cm

C_

T/D

M

wing span of complete wing

local chord

mean aerod_uamic chord, lO. 33 in.

drag coefficient, Drag/qS

llft coefficient, Lift/qS

pitching-moment coefficient,

measured about 0.5_

rolling-moment coefficient (based o_ semispan),

rolling moment measured about rool chord

Pitching moment

qS_ , pitching moment

Rolling moment

lift-drag ratio

free-streamMach number



q

R

S

free-stream dynamic pressure

Reynolds number based on

semispanwing area

angle of attack, deg

L

1

1

8

9

MODELS AND MODEL MOUNTING

Three semispanwingmodels having the same planformbut different

surface shapes were tested. One was flat (designated wing F), one was

cambered (designated wing C), and the third was twisted (designated

wing 1). These designations correspond to those used in reference 1.

All of the wings had an NACA 69A005 thickness distribution in the

streamwlse direction, 90 ° of sweepback of the quarter-chord line, a

taper ratio of 0.20, and an aspect ratio of 3.9. The ordinates for the

NACA 69A009 thickness distribution are given in reference 3. The

cambered wing had, in the streamwise direction, at each spanwise station

an NACA a = 0 mean line modified to have a maxlmum height of 4-percent

chord. (See page 93 of ref. 4 for unmodified mean line.) The twisted

wing was derived from the flat wing by rotation about the leading edge

of each spanwise station. Wing 1 had a linear spanwise variation of

twist with 6° of washout at the tip. A plan view of the models tested

is shown in figure 1.

The semispanwings were mounted horizontally in the tunnel from

a turntable in a boundary-layer bypass plate which was located verti-

cally in the test section about lO inches from the tunnel wall.

TESTS AND TEST PROCEDURES

The tests were conducted in the Langley 4- by 4-foot supersonic

pressure tunnel at Mach numbers of 1.61 and 2.01. At both Mach numbers

all the wings were tested with fixed and free transition. Transition

was fixed about 1/2 inch from the wing leading edge by grains of No. 60

carborundum.

A four-component straln-gage balance located in the turntable of

the boundary-layer bypass plate was used to measure the forces and

moments on the wings. Angle of attack was changed manuallyby rotating

the turntable on which the models were mounted and was measured by a
vernier scale outside the tunnel.
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The angle-of-attack range was from -20 ° to 20 ° although the com-

plete range was not obtained for all the wines at all test conditions.

Tunnel stagnation pressures of 8 and 15 pounds per square inch

absolute were used on the wings to span the lange of Reynolds numbers.

Generally, the Reynolds numbers, based on _, ranged from 1.7 x lO 6 to

3.6 x l06. In addition some data were obtaized on wing C at a tunnel

stagnation pressure of 6 pounds per square izch absolute corresponding

to Reynolds numbers, based on _, of 1.4 x 1C 6 at M = 1.61 and

1.2 x lO 6 at M = 2.01.

Measurements of tip deflection made during the tests indicate a

maximum in aeroelastlc twist variation for all wings occurred near an

angle of attack of lO °. At a stagnation preEsure of 15 pounds per

square inch absolute, the aeroelastic tip twist for all wings was about

1.5 ° of washout at this angle of attack of lC °. Lower angles of attack

or lower stagnation pressures gave proportionately smaller values of

aeroelastic tip twist. Inasmuch as the aeroelastic twist is the same

for all the wings and therefore has no effect on the increments due to

camber or twist, the angles of attack have nct been corrected to account

for the aeroelastic effects.

RESULTS AND DISCUSSICN

The aerodynamic characteristics of the various wings are presented

for a Mach number of 1.61 in figures 2 to 7 snd for a Mach number of

2.O1 in figures 8 to 13. Theoretical predictions for lift coefficient

are included for the flat and twlstedwings.

Linear theory was used to calculate the theoretical lift-curve

slopes for the flat wing (part (a) of figures 2, 3, 8, and 9). Theo-

retical span loadings, obtained from references 5 and 6 for M = 1.61

and from reference 7 for M = 2.01, were used to determine the llft

increment due to wing twist. The combination of the flat-wing lift

and the lift increment due to twist gives the theoretical predictions

for the twisted wing plotted in part (a) of figures 43 _ lO, and ii.

Comparison of experimental data with theory for the flat and

twisted wlngs shows for the subsonic leading edge (M = 1.61) that the

experimental lift-curve slope at m = 0° is higher than the theoret-

Ical curve slope (figs. 2 to 5). For the supersonic leading edge

(M = 2.01), the experimental lift-curve slope is about the same or

slightly lower than the theoretical (figs. 8 to ll).
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For all the models, increasing Reynolds number or fixing transition

had little or no effect on lift coefficient, pitching-moment coefficient,

or rolllng-moment coefficient (figs. 2 to 13). Generally, drag coeffi-

cient increased slightly with Reynolds number for both natural and fixed

transition; a result indicating that fully turbulent flow had not devel-

oped over the wings.

In order to examine more closely the effects of camber and twist,

the variations of CL with _, Cm with CL, CD with CL, and L/D

with CL are given at both Mach numbers at a Reynolds number of approxi-

mately 1.8 × 10 6 with fixed transition in figures 14, 15, 16, and 17_

respectively.

As shown by figure 14 the effect of a linear twist at a given

is to decrease the lift with little change in lift-curve slope. This

result tends to confirm the theoretical assumption that the lift for a

twisted wing is a linear combination of a lift increment due to twist

and the basic lift of the untwisted wing. Cambering the wing increased

the lift at a given _, but the variation of CL with _ became

slightly nonlinear.

The effect of wing twist is to increase the pitching-moment coeffi-

cient at a given CL so as to provide a positive trim point with only a

minor change in the slope of the curve for Cm plotted against CL as

shown in figure 15. Camber decreases the pitching moment at a given CL

so that a negative trim point is obtained_ and also slightly increases

the slope of the curve for Cm plotted against CL.

Figure 16 shows that twisting the wing increased minimum drag

slightly but at the same time decreased drag due to lift. Obviously,

the cambered wing of this investigation has too high a minimum drag

(probably because of leadlng-edge separation on the wing lower surface

as a result of excessive camber) but the drag-due-to-lift character-

istics are better for the cambered wing than those for the twisted

wing. It is possible that a wing which is cambered to produce a more

reasonable minimum drag may not show as favorable drag-due-to-lift

characteristics. This result would be true if the favorable drag-due-

to-lift characteristics of the wing of this investigation are due in

part to a relieving effect brought about by the elimination of the

initial leadlng-edge separation on the lower surface.

The curves for the variation of L/D with CL (fig. 17) show for

positive angles of attack that twisting the wing when the leading edge

is subsonic (M = 1.61) produces relatively large increases in L/D,

but little increase in L/D is obtained when the leading edge is

supersonic (M = 2.01). At both Mach numbers the high minimum drag for

the cambered wlng contributes to the low values of L/D.



CONCLUSIONS

The lift, drag, pitching-moment, and rolling-moment characteristics
were obtained at Machnumbers of 1.61 and 2.01 for three wings in order
to examine the effect of twist and camber.

Whencomparedwith the flat wing, the effect of the linear varia-
tion of twist with 6° of washout at the tip was to increase the lift-
drag ratio when the leading edge was subsonic _M= 1.61); but little
increase in lift-drag ratio was obtained when ;he leading edge was
supersonic (M = 2.01). Pitching-moment coeffi:ient was increased and
gave a positive trlmpoint without greatly affecting the rate of change
of pitching momentwith lift coefficient.

For the camberedwing the high minimumdr_g resulted in compara-
tively low lift-drag ratios. In addition, the pitching momentswere
decreased so that a negative trim point was obtained.

I
11
1
6
¢

Langley Research Center,

National Aeronautics and Space Administration,

Iangley Field, Va., May 26, 1961.
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Figure 2.- Aerodynamic characteristics of wing F with natural transition.
M : 1.61.
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